In this study, we report a simple method to controllably synthesize Cu 2 O-Cu nanocomposites by using a low-power CO 2 laser, and application of these nanomaterials for photocatalytic degradation of methylene blue (MB). Our experiments demonstrate that efficient tailoring of the Cu 2 O-Cu nanocomposites can be realized by accurate control and optimization of the ambient parameters, such as laser energy and NaOH concentration. Compared to hydrothermally fabricated Cu 2 O-Cu catalysts, the laser-reduced composites exhibit better visible-light photocatalytic activity for MB degradation, which could be attributed to the formation of special catalytically active structures on the nanocomposite surface. Under the conditions of 10 mA laser irradiation and 5 M NaOH addition, the fabricated Cu 2 O-Cu composites had the highest catalytic activity. The degradation rate of MB is 90.10% after visible-light irradiation for 50 min under the optimum conditions. The as-synthesized Cu 2 O-Cu composites showed selective dye degradation, and exhibit relatively higher photocatalytic efficiency for positively charged dyes. This work could lead to facile synthesis of high-performance photocatalysts for fast removal of environmentally hazardous dyes from aqueous solution.
Introduction
Organic dyes are widely used in various industrial processes and discharged into the environment, resulting in them being common contaminants in wastewater. Most of the dyes are stable, recalcitrant, colorant, and even potentially carcinogenic and toxic. The deleterious effects of dyes on human health and ecosystems have driven researchers to develop facile and effective methods to treat dye wastewater.
1 Semiconductor metal oxides have been utilized as photocatalysts due to their high photosensitivity and stability. 2, 3 Among the various semiconductor materials, titanium dioxide (TiO 2 ) is the most widely used photocatalyst for the decomposition of organic pollutants. 4 However, its limited activity under visible light and fast recombination of photoinduced charge carriers limit its practical application. 5, 6 There are mainly two approaches to promote the visible-light responsive capability of these metal oxide photocatalysts. 7 One is to dope with other elements to modify their physical and chemical properties.
8-11
Doong et al. prepared Cu, N-codoped titanate nanotubes and the surface normalized reaction rate constants for bisphenol A degradation were 4.3 and 1.5 times higher than those of Degussa P25 TiO 2 under UV and visible light irradiation, respectively. 12 Belver et al. synthesized Zr-doped TiO 2 supported on delaminated clay materials which exhibited higher degradation rates than the undoped TiO 2 , and this work demonstrated the potential application of metal-doped anatase and delaminated clay photocatalysts. 13 The other method is to develop new types of semiconductors with narrower band gap for visible-light-driven. Tai et al. reported the introduction of oxygen excess defects into the TiO 2 lattice led to an upshi of VB maximum, causing the band gap to be reduced to 2.95 eV.
14 Nur'aeni et al. produced a novel hybrid photocatalyst by attempting the mussel-inspired linking of b-FeOOH (akaganeite) on core Fe 3 O 4 nanoparticles which with narrow band gap of 1.79 eV.
15 H. Al-Kandari shown that the band gap energy for TiO 2 was lowered from 3.11 to 2.96 eV when it was composited with rGO to form the rGOTi. 16 Cuprous oxide (Cu 2 O) is a promising low-cost, narrow bandgap material in visible-light photocatalytic eld. As a typical metal-decient p-type semiconductor with a bandgap between 2.0-2.2 eV, the spectral absorptance of the naturally occurring copper oxide has a bulge at 600 nm and a plateau that falls off at about 700-800 nm, so Cu 2 O can absorb most of the visible light and the theoretical photoelectric conversion efficiency can reach 18%. 17, 18 Because of its wonderful absorbance, it has obtained wide application for photoelectrolytic cells and solar energy conversion with great performance.
19-21 Alami et al. synthesized crystalline Cu 2 O, the relative directional spectral absorptance of all samples exhibit a wide inverted U-curve spanning the visible range and into near-IR which indicating a obviously enhancement of optical absorptance.
There are many approaches to fabricate Cu 2 O micro-and nanocrystals, such as hydrothermal route, aqueous colloidal solution method, and chemical vapour deposition method.
23-26
Cheng et al. prepared Cu 2 O-Cu composites with different coverage of Cu NPs, and the highest degradation rate of methyl blue (MB) was about 88% aer visible-light irradiation for 60 min. 4 Hong et al. fabricated Cu 2 O/Cu hollow microsphere with controllable shape by the one-pot solvothermal redox method. The degradation rate of methyl orange was about 90% aer Xe arc lamp irradiation for 60 min. 27 Deng et al. prepared Cu 2 O spherical crystals by hydrothermal method. The degradation rate of methyl orange was about 85% aer visible-light irradiation for 90 min.
28 All these results demonstrate that Cu 2 O catalyst fabricated by traditional chemistry route have well photocatalytic activity, but it always needs several hours to nish the reduced process by heated in stainless steel autoclave or ordinary beaker, and needs to keep stirring throughout this process.
In this study, we try to replace the heat process in traditional chemistry route by low energy laser irradiation with several minutes to gain the more efficient Cu 2 O photocatalyst.
The main objectives of this study are (1) to facilely and rapidly fabrication of Cu 2 O-Cu nanocomposites by using a lowpower CO 2 laser without any template and surfactant and (2) to evaluate the catalytic capabilities of Cu 2 O-Cu nanocomposites under visible light irradiation. Methylene blue (MB) was selected as the target compound in this work due to its wide applications in industry.
There have been many studies using high-power pulsed laser etching to synthesis nanomaterials. To the best of our knowledge, this is the rst work that fabricates Cu 2 O-Cu nanocomposite with assistance of a low-energy CO 2 laser which is more energy saving and environmental friendly. Our results will be benecial to the application of laser-fabricated nanocomposites in photocatalysis of hazardous materials.
Materials and methods

Materials
Cupric sulfate (CuSO 4 $5H 2 O), ethylene glycol, sodium hydroxide, H 2 O 2 , D-glucose, benzoquinone (BQN) and isopropanol (IPA) were obtained from Yuanli Technology Co., Ltd. (Tianjin, China). All chemicals were of analytical grade and used without further purication. Aqueous solutions were prepared using deionized water.
Synthesis of Cu 2 O-Cu composites
The fabrication setup for Cu 2 O-Cu composites is depicted in Fig. 1a . It mainly consists of a CO 2 laser and a beam controller (Xinbang 3020, China). The Cu 2 O-Cu composites were synthesized following a simple laser redox procedure as follows:
4 0.5 g of CuSO 4 $5H 2 O, 20 mL of ethylene glycol, and 10 mL of deionized water were added into a cylindrical beaker, and then the beaker was immersed in a 60 C water bath with vigorously stir for 10 min till the mixture dissolved completely. Aerwards, 10 mL of NaOH solution (5 M) was added dropwise. Aer 5 min, 10 mL of D-glucose solution (1.1 M) was added into the mixture rapidly. The color of the suspension changed from blue to yellow immediately, and nally to orange. Aer the reaction, 30 mL of the suspension was transferred into a Petri dish (diameter: 10 cm, height: 1.5 cm) and irradiated by the CO 2 laser with different energy. The position of the laser head was controlled by a laser controller to allow the laser beam irradiate onto the samples. The precipitate was collected by centrifugation at 11 000 rpm for 5 min and washed by ethanol and deionized water for several times. The precipitate was dried in vacuum at 60 C for 1 h.
Characterization
The as-prepared samples were determined by X-ray powder diffraction (XRD, D/max-2500, Rigaku co., Japan), using Cu Ka radiation (l ¼ 0.15406 nm, 18 kW). The morphology and microstructure of the samples were characterized by a scanning electron microscopy (SEM, S-4800, Hitachi Co., Japan). X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Escalib spectrometer (Thermo Electron Co, America) with Al Ka X-ray radiation as the X-ray source for excitation. UV-vis absorption spectra of organic dyes were measured by a Unico UV-Vis scanning spectrometer (Shanghai, China).
Photocatalytic degradation of MB
The photocatalytic activity experiments were conducted in a simple photocatalytic reactor equipped with a cooling water circulator to maintain the temperature of liquid at about 25 C during the experiment. The light irradiation was performed using a halogen lamp (0.314 W cm À2 ) (Fig. 1b) . In a typical procedure, 9 mg of Cu 2 O-Cu composites were well dispersed into 30 mL of MB solution (10 mg L À1 ) and stirred for 1 h in dark to reach adsorption-desorption equilibrium between the dye and the catalyst. A certain amount of H 2 O 2 solution (30 wt%) was added into the suspension before turning on the halogen lamp. The samples were drawn from the reactor periodically to record their UV-vis spectra on the spectrophotometer. The degradation performance of catalyst with different MB initial concentrations (from 5 -25 mg L À1 ) and H 2 O 2 addition were also investigated. The degradation rate of MB was calculated using the following equation (eqn (1)):
where A is the value of absorbency of MB solution at 664 nm in different intervals and C is the concentration of the dyes in different intervals. The kinetics of the photocatalytic degradation rate of MB was determined using the Langmuir-Hinshelwood kinetics model, 29, 30 as given in the following (eqn (2)):
where C 0 is the initial concentration of MB at t ¼ 0, and C is the remained concentration of MB at any irradiation time t (min). k app is the apparent rst-order rate constant (min À1 ), which can be calculated from the slope ln(C 0 /C) versus irradiation time t.
Effect of irradiation light wavelength
The light source was a 50 W halogen tungsten lamp which was vertically placed above a lter (450 nm, 600 nm) with a distance of 1 cm and the reaction beaker was placed under the lter with a distance of 0.5 cm. The cooling water was circulating during the reaction to maintain a constant temperature of the solution.
3 mg of Cu 2 O-Cu composites was dispersed into 10 mL of MB solution (10 mg L À1 ) and stirred for 1 h in dark to reach adsorption-desorption equilibrium. Then 0.01 mL of H 2 O 2 solution (30 wt%) was added into the mixture solution, and the solution was irradiated for 50 min. The samples were drawn from the reactor to record their UV-vis spectra on the spectrophotometer.
Radical trapping experiment
To detect the mechanism of the photocatalytic degradation, the radical trapping experiments were performed. For testing $O 2À , 0.023 mM BQN ($O 2À scavenger) was added in the typical degradation process. And for testing $OH, 2 mM IPA ($OH scavenger) was added in the typical degradation process. The samples were drawn from the reactor to record their UV-vis spectra on the spectrophotometer.
Results and discussion
Characterization
The morphologies of Cu 2 O-Cu composites synthesized under different laser power (10 mA, 20 mA, 30 mA) were characterized by SEM (Fig. 2) . It can be seen the particles of all the samples are sphere-like in shape with distinct surface protrusions. The diameter of microspheres rises from about 1 mm to 3 mm with the increase of laser energy, and there are many small spherical particles on the surface of microspheres. In addition, with the increase of irradiation energy, the Cu 2 O-Cu spheres demonstrate typical core-shell structure. For the samples synthesized by laser irradiation with 10 mA, the diameters of the large particles and small spherical particles are about 1 mm and 50 nm, respectively. The corresponding energy-dispersive X-ray (EDX) spectrums suggest all the samples are composed of Cu 2 O and Cu crystals together. And the photocatalytic efficiency of particles fabricated by 10 mA laser irradiation present the best performance. Fig. 3a The presence of these two cubes makes the Cu 2 O-Cu composite exhibits well catalytic performance. The result also indicated both the samples had the same XRD patterns and the only difference between them is the intensity of cube peak. The contents of Cu 2 O and Cu compositions for S-5M NaOH (synthesized by using 5 M NaOH) are about 89.77 wt% and 10.23 wt%, respectively. For S-7 M NaOH (synthesized by using 7 M NaOH), these values are about 91.21 wt% and 8.79 wt%, respectively. It can be supposed that the better photocatalytic performance of sample S-5M NaOH may result from its higher Cu composition, producing stronger electronic conduction effect. In addition, the diffraction peaks of all cubes are sharp and have low noise, implying that it has high degree of crystallinity.
XPS measurement was carried out to investigate the element composition and the chemical valence of the prepared composites. The results are shown in Fig. 3b-d respectively. It is difficult to identify the Cu + or Cu 0 in this spectrum for the overlap of its binding energy. 32 Thus, the Cu LMM Auger spectra were collected to effectively distinguish the states of Cu. As shown in Fig. 3d , the peak located at 918.2 eV (6) and (7)). Driven by the minimization of interfacial energy, the freshly generated Cu 2 O and Cu irregularities are unstable and tend to assemble into oriented large spheres. As the laser energy increases, some inner Cu 2 O and Cu crystals will be dissolved again and generate Cu[HO(CHOH) 4 COO] 2 (Reaction (8) and (9)), which can be used as a new copper source for forming small Cu 2 O-Cu composites spheres redeposited on the surface of sphere (Fig. 4a) . Furthermore, the laser light can release a lot of heat to promote the above reactions. Therefore, the laser energy plays an important role in the control of compositions of products, and the concentration of NaOH also inuence the morphology of products. (Fig. 4b) . In laser reduction method, the reaction was irradiated by CO 2 laser for about 5 min. While in hydrothermal method, the entire reaction was treated by 60 C water bath for 40 min (the best reaction condition which is conrmed by previously report). The photocatalytic performance of the products was compared in a typical photocatalysis experiments. As shown in Fig. 4b , the catalyst fabricated by hydrothermal method demonstrated well catalytic efficiency in the rst 10 minutes, but the catalytic ability decreased signicantly aer 10 minutes, and the degradation rate was only 51.12% aer irradiating for 50 min. While the catalyst fabricated by laser reduced method can degrade 90.10% of MB under the same reaction condition. According to previous reports, 28 the catalysts prepared by different methods can have great differences in the structure and morphology including shape, size and exposed crystalline facet, and the photocatalytic activities could be strongly affected by these factors. The photocatalytic activity of Cu 2 O (111) facet is better than that of its (110) and (100) facets, which is due to Cu 2 O (111) has more Cu dangling keys than (110) and (100) facets. 36 The XRD results illustrated that the Cu 2 O fabricated by laser reduced method exposed more (111) facet, thus showed superior catalytic performance.
Photocatalytic performance of Cu
Effect of irradiation light wavelength.
To gain further insights into the light response of laser reduced Cu 2 O-Cu catalysts, the comparative experiments were carried out under irradiation of lights with different wavelength (Fig. 4c) . It was found that the sample irradiated with 600 nm light exhibited the best photocatalytic efficiency and the sample irradiated with full spectrum light had the lowest performance. Thus, the asprepared Cu 2 O-Cu catalysts is signicantly enhancing the redlight-driven photocatalytic performance, indicating its potential application in wastewater treatment. As is known, the optical absorption property of photocatalyst is recognized as the key factor in determining its photocatalytic activity, which is relevant to its electronic structure feature. To see the effectiveness of Cu 2 O-Cu composite on the adsorption of light emitted from halogen tungsten lamp, UV-vis absorption spectra of catalysts and tungsten-halogen lamp spectrum are compared in Fig. 4d . The laser reduced photocatalyst exhibits two strong adsorption peaks around 500 nm and 610 nm, which enhance the visible-light adsorption. These results indicated the prepared Cu 2 O-Cu composite is an appropriate catalyst candidate for visible light photocatalysis.
3.2.3 Effect of initial dye concentration. The effect of initial dye concentration under irradiation with a 300 W halogen tungsten lamp was investigated by varying the initial MB concentration from 5 mg L À1 to 25 mg L À1 with 9 mg catalyst. 58.08% and 28.33%, respectively. The explanation of this phenomenon is as follows. Firstly, the MB molecules can adsorb light and decrease the light transmittance, which is unfavourable for the catalysts to absorb light energy. Secondly, excessive MB molecules will adsorb on the surface of the catalyst. Their adsorption will suppress other substrates, such as H 2 O 2 , OH À and H 2 O, to react with the catalyst, and the production of highly reactive species is inhibited. In the low concentration range (less than 20 mg L À1 MB), the degradation process was in accord with L-H mode (Fig. 5b) , informing that laser reduced Cu 2 O-Cu catalysts' photocatalytic process follow pseudo-rst-order. However, when the MB solution is too low (5 mg L À1 ), the high degradation efficiency of the catalyst will make 80% MB molecules removed in initial 20 min. Hence, its degradation performance wasn't in accord with L-H model in the whole 50 min process. 3.2.4 Effect of H 2 O 2 amount. H 2 O 2 is another crucial factor that determine the photocatalytic performance of Cu 2 O-Cu catalyst. The inuence of H 2 O 2 amount was systematically studied through series of comparative tests. As shown in Fig. 5c and d, the degradation efficiency of MB was increased when the amount of H 2 O 2 were increased from 0 mL to 0.03 mL. However, when the amount of H 2 O 2 increased further, the photocatalytic activities were inhibited. The highest degradation rate of 90.10% was obtained with 0.03 mL H 2 O 2 . The degradation rates were 55.16% and 17.34% for samples that only using H 2 O 2 or Cu 2 O-Cu, respectively. The high degradation rate may be attributed to the fact that H 2 O 2 molecules can act as electronic trap to react with photo-generated electrons, and the generated $OH radicals can further react with MB and enhanced the dye degradation. Previous experiment 37 (10) and (11)):
These reactions will lead to the degradation of Cu 2 O and H 2 O 2 .
3.2.5 Radical trapping experiment. In this study, IPA and BQN were used as scavengers for hydroxyl and peroxy radicals in order to investigate the photocatalytic mechanism of the degradation of MB.
As shown in Fig. 6a , the degradation process of MB is similar to the typical degradation process without BQN, implying that
À contributes less to the MB photodegradation process.
However, when IPA was added to quench the $OH radicals, the photocatalytic degradation was inhibited remarkably (Fig. 6b) , indicating that the $OH radicals plays a crucial role for MB photocatalytic degradation. 3.2.6 Selective degradation for different dyes. Different types of dyes including positively charged RhB, MB and negatively charged MO were adopted as target dyes to assess the photocatalytic performance of the as-prepared Cu 2 O-Cu composition, as shown in Fig. 6c . Under the same reaction conditions, the removal efficiency of MB, RhB and MO is 90.10% 80.30% and 48.65% aer irradiation of 50 min, respectively. The experiment results indicate that the assynthesized Cu 2 O-Cu has selective dye degradation, which exhibit relatively higher photocatalytic efficiency for RhB and MB. It is supposed that the surface charge of Cu 2 O-Cu make them preferentially photodegrade RhB and MB, which are positively charged molecules.
3.2.7 Stability of the catalyst. The stability and recyclability of the photocatalysts were also investigated through the degradation of MB under visible light. Each cycle lasted for 50 min with fresh MB solution. The catalyst was recycled by centrifugation and then washed with ethanol and deionized water, followed by drying at 60 C for 1 h without any further treatment. As shown in Fig. 6d , the photocatalytic efficiency of Cu 2 O-Cu presents only a slight decline in the recycle experiments, which may be attributed to the little loss and the deactivation of the catalyst in the cycling experiment, indicating its high stability and durability. The excellent photocatalytic activity of the Cu 2 O-Cu composites for MB degradation can be summarized by the following equations, schematically shown in Fig. 7 .
MB + cOH (or cOOH) / degradation products (15) According to the previous reports, the conduction band (CB) and the valence band (VB) potentials of Cu 2 O are À1.79 V sce and 0.33 V sce , respectively, exhibiting indirect band gap transition of 2.12 eV. 44 Under visible-light irradiation (the incident energy is greater than 2.12 eV), Cu 2 O can absorb photons and the electrons are excited from VB to CB. 45 In the Cu 2 O-Cu composites, the hole-electron pairs are separated by the electric eld developed across the depletion layer. The presence of Cu promotes the photocatalysis due to its low work function and good conductive ability. The photogenerated electrons can easily transfer to the Cu to decrease the recombination of the photogenerated electrons and holes. During the photocatalysis, since the top of VB is higher than the oxidation potential of the H 2 O, the forming of the cOH through H 2 O directly is forbidden. Therefore, the adding of H 2 O 2 is necessary because it can react with photogenerated electrons directly to form cOH. H 2 O 2 can also reacted with holes to produce cOOH. Finally, the MB molecule were oxidized into inorganic or nontoxic products by cOH and cOOH. The quenching experiments conrmed that the cOH radicals contribute to the MB photodegradation.
Conclusions
We have successfully fabricated Cu 2 O-Cu composite photocatalyst by using a low-power laser reduction approach. The particle size of composites can be tailored by accurate controlling laser energy and NaOH concentration. Compared to hydrothermally fabricated Cu 2 O-Cu catalysts, the laser-reduced composites exhibit better visible-light photocatalytic activity for MB degradation, which could be attributed to the formation of special catalytically active structures on the nanocomposite surface. Our experiments showed that Cu 2 O-Cu composites prepared under the conditions of 10 mA laser irradiation and 5 M NaOH addition had the highest catalytic activity. The possible mechanism of photocatalysis over Cu 2 O-Cu catalyst was proposed. It was demonstrated that mainly cOH radicals contribute to the degradation during the photocatalytic process. Overall, on the basis of widely used commercial low-energy CO 2 laser, the laser-reduced fabrication method has great potential to improve the manufacturing process of high-performance photocatalyst for various occasions.
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